INTRODUCTION
In recent years, increasing interest of dental research in metal-free restorations has led to the development of innovative ceramic materials showing excellent optical properties and better mechanical characteristics compared to the early dental ceramics; at the same time, the introduction of CAD/CAM technologies has generated new expectations in terms of precision and predictability of the restorations. The most noticeable advantages of these ceramics are: translucency, natural esthetics, chromatic stability, low plaque retention and fluid absorption, high degree of hardness, wear resistance, low thermal conductivity, chemical inertness 1) . Apart from these properties, optimum biocompatibility of the high strength polycrystalline ceramics (alumina, zirconia) has been reported by many in vitro and clinical studies as inducing favorable biological responses in the soft tissues 2, 3) . In particular, the use of zirconia has become more and more widespread in dental practice, both for the realization of crown and bridge restorations and as an implant abutment material, mainly indicated in the areas where esthetics are paramount. From this point of view, when in contact with the marginal gingiva or peri-implant mucosa, zirconia results in a very natural, sound and pleasing aspect, both in toothand in implant-supported restorations. These results, besides the optical properties of such material, could be accounted for by a very low plaque retention, as well as to a demonstrated possibility of inducing an epithelial attachment to its surface 4) . Another innovative ceramic material, increasingly used in fixed prosthodontics, is lithium disilicate glassceramic, that can be manufactured according to both "hot-pressed" and CAD/CAM technologies. Although no long-term clinical data are yet available, this ceramic material seems to combine good mechanical properties, such as high strength and high fracture toughness, allowing to survive high stress-bearing situations, e.g. in posterior areas, with esthetic advantages, such as a high degree of translucency 5) . Moreover, lithium disilicate glass-ceramic has shown a 100% survival rate after 7 years (pressed IPS e.max-Press restorations) 6) . Feldspathic ceramics provide an excellent esthetic appearance, together with very good biocompatibility and an acceptable mechanical resistance to compressive forces but low tensile strength. To date, they are still being used for porcelain veneers, with supragingival margins, showing excellent long term duration 1, 7, 8) . As to their biocompatibility, some studies have demonstrated that, when in contact with soft tissues, they do not elicit an epithelial attachment 9, 10) . Although research data on the biological compatibility of dental ceramics are scarce, in vitro studies have already reported different amounts of mass loss from ceramic materials and cytotoxicity of some newer formulations of all-ceramic materials 11) . One of the main research lines regarding dental ceramics focused on the biocompatibility and cellbiomaterial interaction, both strictly related to the material surface characteristics. Surface roughness and chemical composition were reported to be able to alter cell adhesion and proliferation, which represent the first steps in the host tissue-biomaterial integration processes 12, 13) . In the prosthodontic field, studies on the biological behaviour of gingival fibroblasts in regard to dental materials are significant, as the fibroblasts are involved in the oral soft tissue response to biomaterials [14] [15] [16] [17] ; in particular, gingival fibroblasts take part in the integration process with ceramic materials, being able to integrate or not with biomaterials 18) . The aim of this study is to evaluate, at different experimental times, the cell morphology, proliferation and adhesion potential of HGFs cultured onto three different dental ceramics, i.e. zirconia, lithium disilicate and feldspathic ceramics, by means of Scanning Electron Microscope (SEM), MTT assay, and ELISA for Type I Collagen secretion, in order to compare their biological responses.
The null hypothesis that the material itself or the manufacturing techniques do not significantly influence HGF vitality and collagen secretion in vitro was tested.
MATERIALS AND METHODS

Specimen preparation
For this in vitro study, a total of 144 experimental discs of zirconia, lithium disilicate and feldspathic veneering ceramic, measuring 0.95 cm in diameter and 2 mm in thickness were manufactured and distributed into four experimental groups as follows:
Group A, CAD/CAM manufactured zirconia (IPS e.maxZirCAD, IvoclarVivadent AG, Liechtenstein), made from yttria-stabilized tetragonal zirconia (3Y-TZP) (ISO standard 13356. 1997) in a milling center with no surface treatment (n=36); Group B, CAD/CAM manufactured zirconia (IPS e.maxZirCAD, IvoclarVivadent AG, Liechtenstein), made from yttria-stabilized tetragonal zirconia (3Y-TZP) (ISO standard 13356. 1997) in a milling center, and successively ground and polished. Grinding was performed under permanent water cooling with diamond burs (27-76 μm) . Polishing was carried out progressively by the use of a polishing set, finally leading to a highgloss surface (n=36); Group C, CAD/CAM manufactured lithium disilicate (LS2) (IPS e.max glass ceramic, Ivoclar Vivadent AG, Liechtenstein) fabricated in a milling center, and successively ground and polished, similarly to Group B samples (n=36); Group D, feldspathic veneering ceramic obtained by die-casting in a laboratory and then glazed, strictly according to the manufacturers' instructions (n=36).
Sample treatment and surface morphology observation (SEM)
All experimental discs were cleaned and disinfected by ultrasonic treatment in Alconox ® -water solutions for 5 min, then rinsed with sterile purified water (cellculture grade) and ultrasonically treated again for 5 min in isopropyl alcohol. The discs to be used for in vitro experiments were transferred aseptically to sterile 12-well cell-culture trays and submerged in isopropyl alcohol for 20 min, rinsed twice with sterile purified water, dried for a minimum of 8 h at 60°C under aseptic conditions. These procedures of disinfection were congruent with published procedures for testing materials of this type 19, 20) . Four discs, one from each group, were then analyzed by Scanning Electron Microscope (SEM) (Zeiss EVO-50, Cambridge, UK) for surface morphology observation.
Cell culture
HGFs were obtained from fragments of healthy marginal gingival tissue from the retromolar area withdrawn during surgical extraction of impacted third molars in adult subjects (age range: 18-54 yr). Each subject gave informed written consent for participating in this study as a donor of HGFs in accordance with the Local Ethics Committee, in compliance with Italian legislation, and with the code of Ethical Principles for Medical Research involving Human Subjects of the World Medical Association (Declaration of Helsinki).
Before extraction, each subject underwent complete medical anamnesis for systemic and oral infections or diseases. All the selected patients had healthy systemic conditions, including the absence of any diseases that would contraindicate oral surgery. The exclusion criteria were: uncontrolled periodontal disease, severe illness, unstable diabetes, drug abuse, a history of head and neck irradiation, chemotherapy. Moreover, each subject was pretreated one week before intervention by a professional dental hygienist, and antibiotic therapy (2 gr amoxicillin/clavulanic acid, Augmentin ® ) was administered one hour pre-operatively.
The marginal gingival tissue was gently removed and the tissue fragments were immediately placed in Dulbecco's modified Eagle's medium (DMEM) for at least 1 h, rinsed three times in phosphate-buffered saline solution (PBS), minced into small tissue pieces, and cultured in DMEM containing 10% foetal bovine serum (FBS), 10% penicillin and streptomycin, 1% fungizone. Cells were maintained at 37°C in a humidified atmosphere of 5% (v/v) CO 2, and were routinely processed using 0.025% trypsin in PBS containing 0.02% EDTA. Cultured HGFs from passages 4-8 were used.
HGFs were seeded at 7.5×10 3 /cm 2 concentration in 12-well culture plates containing disinfected experimental discs and cultured for 3 h, 24 h and 72 h. In parallel, HGFs were also seeded on empty 12-well culture plates at the same concentration and cultured for the same time points, as control group. All the experiments were carried out in triplicate.
Scanning electron microscopy (SEM) analysis
For the morphological analysis of HGFs cultured onto the experimental discs, a total of 48 discs, 3 for each group at each time point, were used. Morphology of HGFs cultured onto experimental discs was documented by SEM (Zeiss EVO-50, Cambridge, UK) after 3 h, 24 h and 72 h in vitro. At the established time points, test discs were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer pH 7.2, rinsed with phosphate buffer 0.15 M, dehydrated in an increasing ethanol series and finally dried in hexamethyldisilazane. The samples were then metallized with gold in a sputtering device and analyzed by SEM at 100×, 800×, and 1600× magnification. Cell morphology was assessed on micrographs randomly taken at different areas of each experimental disc.
Proliferation assay (MTT assay)
For the MTT assay, a total of 36 discs, 3 for each group at each time point, were used. HGF viability was evaluated after 24 h and 72 h of culture on both experimental discs and polystyrene plates by MTT (3-[4,5-dimethyl-thiazol-2-yl-]-2,5-diphenyl tetrazolium bromide) assay, based on the capability of viable cells to reduce MTT into a colored formazan product. At established time points the medium was replaced by a fresh one containing 0.5 mg/mL MTT (Sigma-Aldrich) and probed with cells for 5 h at 37°C. The plate was incubated in DMSO solution for 30 min at 37°C to solubilize salts and then read at 570 nm. Values obtained in the absence of cells was considered as background. A standard curve was assessed to convert optical density (OD) values to the number of viable cells, using cell densities ranging from 0.5 to 2.5×10 4 cells/well.
Cytotoxicity assay (LDH assay)
To assess membrane integrity of HGFs, lactate dehydrogenase (LDH) leakage into the medium was quantified using "in vitro toxicology assay kit -LDH based" (Sigma-Aldrich, St. Louis, MO), as instructed by the manufacturer, after 24 h and 72 h of culture on both experimental discs and polystyrene plates. At each time point, LDH leakage was measured in different wells and normalized to the number of viable cells per well (OD 490 nm/10 4 viable cells), as previously determined by the MTT assay.
Evaluation of Type I Collagen secretion (ELISA)
For the ELISA, a total of 36 discs, 3 for each group at each time point, were used. Collagen I secretion was evaluated in the cultured medium deriving from HGFs cultured on experimental discs and polystyrene plates at 24 h and 72 h of culture by ELISA (Human Type I Collagen ELISA, COSMO BIO CO., LTD), according to the manufacturer's instructions.
At each time point, Collagen I levels were measured in different wells and normalized to the number of viable cells per well (µg/mL/10 4 viable cells), as previously determined by the MTT assay.
Both MTT and ELISA assays, being based on cell metabolic activity, were carried out at 24 h and 72 h of culture, as after 3 h of incubation HGFs had not perfectly adhered to the disc surfaces and did not have sufficient time to reactivate their metabolism.
Statistical analysis
Data were statistically analyzed by a specific software (SPSS 20.0, SPSS Inc., Chicago, IL, USA). After verifying that data were normally distributed in each group (Kolmogorov-Smirnov test) and that group variances were homogeneous (Leven's test), the ANOVA test was performed to assess the statistical significance of differences in number of viable cells and Collagen I levels among the different materials for prosthetic restorations. The level of statistical significance was set at p<0.05. The mean data±standard deviations were reported and showed in histograms.
RESULTS
SEM analysis
SEM morphological analysis of the different experimental discs was carried out before HGF seeding and showed differences between groups in terms of surface morphology. Group A discs showed a roughtextured surface, with regular roughness related to the milling procedure of manufacturing. On the contrary Group D discs were the smoothest, with only small defects, probably due to the glazing treatment. Group B and Group C discs show no significant differences in terms of surface roughness, with a more regular and smooth surface (Fig. 1 ).
1. Three hour culture SEM observation showed a similar pattern of HGF attachment on all experimental discs. Cells appeared mostly like single isolated elements in all groups (Fig.  2) .The cell morphology was very similar for cells cultured on Groups B, C and D samples, where HGFs appear round-shaped, flattened on the surface with round nuclei (Fig. 2b, c, d ). Otherwise, adherent HGFs in Group A discs seemed to have irregular shape (Fig. 2a). 2. Twenty-four hour culture Cells appeared elongated and intimately attached to the surfaces, although the typical spindle-like form is more evident in HGFs on Group C and D discs ( Fig. 3c and d) . At the same time point, cells began to interact (Fig. 3). 3. Seventy-two hour culture HGFs appeared aligned in rows on Group B, C and D discs (Fig. 3) . In particular, cells grown on Group B discs seemed to follow the orientation of surface grooves (Fig.  4b) . On the contrary, cells grown on Group A discs show an irregular distribution on the available surface. (Fig. 5) .
Proliferation assay (MTT assay)
Cytotoxicity assay (LDH assay)
Cytoplasmic amount of LDH into the medium was monitored as it represent a valuation of membrane integrity. As Fig. 6 shows, after an initial peak (24 h of culture), cell damage appears lower and with no significant differences between the different experimental discs. The decreased level of LDH leakage after 72 h of culture is attributable to the cell culture stabilization as after 24 h of culture also the cells which did not adhere to the substrate after the seeding, contribute to the released LDH amount into the cell medium.
Evaluation of Type I Collagen secretion (ELISA)
In order to evaluate the adhesion capability of HGFs to different materials and to obtain comparable secretion values, Collagen I secretion was measured in different wells but, at each time point, values were normalized to the number of viable cells present in that well. (Fig. 7) .
DISCUSSION
The interaction between cells and dental ceramic is governed by a number of chemical and physical features, among which a major factor is the surface topography. Surface topography determines the in vitro cell behavior in terms of morphology, proliferation and functionality. In vivo, connective tissue plays a key role in the formation of the mucosal seal around prosthetic restoration. A good mucosal sealing, which is strictly dependent on the fibroblast attachment to the substratum surface 21) , allows a successful integration, among the other factors.
It is known that fibroblasts show greater affinity for smooth or finely grooved surfaces than for rough ones 22, 23) . Our study confirmed this evidence as, after 3 h of culture, SEM observations did not reveal deep modifications in HGs morphology, other than in cells grown on CAD/CAM manufactured zirconia, with no additional surface treatment (Group A). Cells cultured on this substrate, because of its surface roughness, probably need more time to adapt than those growing on smooth surfaces (Groups B, C and D); this could explain the irregular shape of the adherent cells in comparison to the other experimental groups. The same behaviour was recorded at the subsequent experimental times, even if the observed differences between the groups in terms of cell morphology became less evident. In fact, after 72 h of culture, HGFs growing on Group B, C and D discs were aligned in rows. In particular, cell growth on the ground and polished zirconia surface (Group B) appeared oriented along the parallel irregularities of the surface. Even though the mechanism of cell alignment and orientation in response to the substratum is not fully understood, it seems likely that groove depths and their periodicity influence cell behavior. Thus, the regular roughness of the ground and polished zirconia disc surfaces seemed to actively stimulate HGF proliferation. Another in vitro study reported that HGF adhesion was greater on a rough zirconia surface than on a smooth one and SEM images showed that more cells were attached to the grooves, and the cells appeared to follow the direction of the grooves 2) . Moreover, a higher growth rate of fibroblasts cultured on both ground and polished zirconia and lithium disilicate discs, compared to that of cells growing on feldspathic ceramic, was revealed. This finding is probably related to the high biocompatibility shown by these materials and to their ability to induce in vitro fibroblast adhesion, as previously reported for zirconia 24) . In particular, after 72 h of culture, a higher proliferation rate was observed in Group B and a lower, although not statistically significant, proliferation rate was evidenced in Group C; this suggests that both of these surfaces stimulate HGFs proliferation and that lithium disilicate materials, not being completely biologically inert, may have some cytotoxic effects on HGFs. In fact other studies reported an in vitro cytoxicity for lithium disilicate after two weeks of culture 5) , as well as that lithium disilicate exhibit cytotoxicity that could not be biologically acceptable on the basis of prevailing empirical standards for dental alloys and composites 20) . Moreover, it was demonstrated to be not biologically inert, and that cytotoxicity dynamic may be similar regardless of small differences in material composition or processing 5) . However, LDH cytotoxicity assay did not reveal any statistical difference among texted discs both after 24 and 72 h of culture. This apparent contradiction with data reported in literature could be explained considering the limited lapse of time used this experimental study: probably to observe the cytotoxic effect of lithium disilicate a longer culture period should be applied.
For a successful tissue integration of prosthetic ceramic materials, cells have to uniformly colonize the surface, and this process should also involve the deposition of extracellular matrix elements in response to different growth surface physical and chemical stimuli 25, 26) . Many studies have shown Collagen, especially Type I, to be a very important extracellular matrix protein responsible for maintenance of architecture and integrity of connective tissue 27) . By interacting with integrin receptors, Collagen I plays an important role in cell adhesion to the extracellular matrix components as well as cell-to-cell interaction 28) . In literature the reported data indicate that different surface materials and topographies may induce a distinct HGF morphology, proliferation, and gene expression 29) . This in vitro study showed that, even though Collagen I secretion levels appear similar in Groups A, B and D after 24 h, the protein secretion dramatically decreases in group B after 72 h, but does not undergo significant modifications in groups A and D compared to 24 h. Even if a similar trend is also observed in lithium disilicate samples, secretion levels result lower in Group C samples than those recorded in the other group ones, probably revealing a slower growth of HGFs on this substrate.
This overall behavior matches with cell proliferation and cell activity, which may be considered two complementary phenomena. Since polystyrene is a widely used material to culture cells, this surface was used as a control in this study to evaluate cell proliferation and activity. In such conditions, HGF proliferation capability is maximal, while Collagen I secretion level is low. In fact it is well known that cell growth on a polystyrene surface is optimized at the expense of matrix component production and assembly 30, 31) . On the contrary, in an in vivo condition, cells show a minimal proliferation rate while they are very active in matrix production. On the basis of these results, it is possible to hypothesize that a ground and polished zirconia surface is prone to primarily promote Collagen I secretion, with the purpose of optimizing cell adhesion to the substrate, and then actively stimulating HGF proliferation.
From the clinical point of view, finishing and polishing monolithic zirconia have been recommended on both frameworks and abutments to reduce plaque retention and optimize ceramic veneering procedures. Nonetheless, controversial data were reported in the literature: in vitro studies showed that, although polished monolithic zirconia showed lower wear rate on enamel, antagonist teeth as well as within the material itself 32) , grinding, finishing and polishing significantly decreased the fracture toughness and flexural strength of monolithic zirconia compared to the glazed material 33) . The present study showed that, from a biological point of view, grinding and polishing zirconia surfaces seem to be advisable procedures, on the basis of the faster cell response. Lithium disilicate in its monolithic form shows a lower secretion level than that recorded in other groups. This could be interpreted as less favorable biological behaviour, confirming that prosthetic margins should be placed supragingivally with such restorative material.
Furthermore, the results of this research confirm a less positive cell response when in contact with a feldspathic ceramic substrate even if this effect could be limited to the initial phase of cells contact to the substrate as suggested also by previous studies 34) , and it could be considered within the clinically acceptable limits, also considering the long time period during which a prosthetic restoration is usually in close contact with the surrounding soft tissues.
Due to the in vitro nature and the intrinsic limitations of the present study, further investigations will be necessary to define the detailed technical protocols for surface ceramic treatments and understanding the biological and mechanical advantages of such procedures.
